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Deep tracer and dynamical plumes in the tropical Pacific Ocean
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Abstract. Anomalous middepth plumes in potential temperature-salinity, 0-S, and buoyancy
frequency squared, N, originate east of the East Pacific Rise Crest and decay toward the
west. Conductivity-temperature-depth (CTD) data from recent hydrographic sections at 15°S
and 10°N are used together with meridional sections at 110°, 135°, and 151°W to map these
structures. Warm salty plumes west of the rise crest have maxima centered at 2700 m, 10°S
and 8°N, and are interrupted by a cold, fresh tongue centered at 2900 m, 2°S. The 0-S
anomalies decay to half their peak strength 2800 km to the west of the rise crest, £300 km in
the meridional, and +0.4 km in the vertical. Vertical N> minima occur within the plumes,
regions of reduced vertical gradients in 0 and S. These minima are underlain by maxima near
the depth of the rise crest, about 3200 m. The N plumes decay more rapidly to the west of
the rise crest than do the 6-S plumes. The N structure is consistent with a pair of stacked
gyres in each hemisphere. There are at least three possible mechanisms consistent with some
aspects of these features. First, a deep maximum in upwelling somewhere below 2700 m
would result in equatorward and westward interior flow at 2700 m, advecting these plumes
along with it. Second, rapid upwelling of warm, salty, unstratified water in the eastern basins
could result in westward overflows over the rise crest. Third, upwelling and associated
entrainment processes owing to hydrothermal venting could result in stacked counter-rotating

gyres west of the rise crest.

1. Introduction

Large-scale middepth 8°He maxima are visible in the
Geochemical Ocean Sections Study (GEOSECS) Pacific data,
collected during 1973 and 1974 [Ostlund et al., 1987, Plates 10
and 11]. These data are sparse, but both the western and eastern
Pacific sections hint at low-latitude maxima between 2000 and
3000 m depth on either side of the equator. The data from this
global survey are intriguing but do not definitively characterize
the features or demonstrate their origins. Data from a subsequent
survey at 15°S reveal a ’'He plume with the highest values near
2500 m, a few hundred meters above the East Pacific Rise Crest
[Lupton and Craig, 1981]. These high values are characteristic
of emissions from the mantle and clearly come from hydrother-
mal vents at the rise crest. Values tail off to the west in a pattern
reminiscent of smoke from a chimney. The plume suggests
westward flow at this depth. Lupton and Craig [1981] note a
feature in the density field that they term the “ridge crest front.”
They interpret this “discontinuity” in vertical profiles of
potential density as the result of one water mass overlying
another. A westward drift of water from the eastern basins over
the rise crest might cause this front, coincident with the depth of
the maximum &°He plume. The northern 8’He maximum has
also been explored. Detailed meridional 8°'He sections along
135°W clearly show the presence of the northern plume, slightly
weaker than the southern one, and interrupted near 2°S by low-
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&’He water [Craig, 1990a, b; Lupton, 1996]. Another meridional
section near the rise crest shows maxima at 5.5° and 9.5°N
[Craig, 1991]. A 8°He section at 10°N shows this weaker
middepth maximum extending westward over much of the
Pacific, originating above the rise crest [Jenkins, 1992]. A recent
compilation of 6’He data reveals the plumes in each hemisphere
[Lupton, 1995].

Anomalously high values of potential temperature, 0, on a
potential isopycnal near 3000 m (about 400 m below the
maximum in 6’He) can be traced from the East Pacific Rise
Crest to at least 170°W between 10° and 20°S and may be
linked to venting along the rise crest [Reid, 1982]. This warm
salty temperature-salinity (0-S) plume may be advected by
westward flow in the region [Reid, 1986]. A more recent map of
0 on a potential isopycnal near 2600 m, around the depth of the
8’He maxima, reveals a warm salty plume extending to the west
of the rise crest at around 8°N, separated from the warm salty
plume centered around 10°S by colder, fresher water that
extends eastward at around 2°S [Talley and Johnson, 1994].
This isopycnal is shallower than that used earlier [Reid, 1982],
closer to the cores of these plumes, and reveals the slightly
weaker northern plume. In addition, this shallower isopycnal
surface does not ground in the basins east of the rise crest.
Properties on this surface in these eastern basins suggest that the
warm salty plumes may have their origin in modified North
Atlantic Deep Water, which spreads north in the eastern basins
and flows west over the rise crest at low latitudes. This observa-
tion prompts the suggestion that these plumes and their ana-
logues in the Atlantic may be advected passively in the general
circulation [Talley and Johnson, 1994].
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It should be emphasized here that even if the 0-S plumes are
the result of venting and not westward spreading of water
properties from the eastern basins, their warm salty nature
cannot be directly related to heat flux from the venting but is
determined by entrainment of ambient water during vertical
ascent of the plume from the vent. A comparative study of
Pacific and Atlantic hydrothermal plumes demonstrates that in
the Pacific, which has a destabilizing deep ambient salinity
gradient (salinity increasing with depth), a warm salty 0-S
anomaly results from hydrothermal venting, whereas in the
Atlantic, which has a stabilizing deep salinity gradient, the 6-S
anomaly is cold and fresh [Speer and Rona, 1989].

A simple model for a dynamically active 5°He plume has also
been advanced [Stommel, 1982]. The plumes, entraining water
as they ascend from the East Pacific Rise Crest to their neutrally
buoyant level, may effect a significant mass sink at the rise crest
and a mass source at their neutrally buoyant level, a few hundred
meters higher. The heating at the rise crest not only alters the
0-S relation but deforms the density field, inducing a hydrother-
mally driven circulation at middepth. Isopycnals are pinched at
the rise crest by the mass sink and spread at the neutrally
buoyant level of the plume by the corresponding mass source.
Thus a stacked gyre system might be driven, with a weakly
stratified anticyclonic circulation above a more stratified
cyclonic one. The gyres extend to the west, damped out by
vertical diffusion. Since their signal is propagated more rapidly
by Rossby waves at lower latitudes, they extend farther west
there. This latitudinal variation in speed could make vents
distributed evenly by latitude along the rise crest look like a
single low-latitude source. This model is often referred to as the
B plume. A background flow driven by a general upwelling,
prominent in most theories of the abyssal circulation [Stommel
and Arons, 1960], has been added to a model of the 3 plume to
account for observed property distributions in the South Pacific
[Speer, 1989]. In a similar study, deep upwelling strength and
distribution, topography, geothermal heating strength, and
geothermal heating location have all been shown to be of
possible importance in a hierarchy of models of the abyssai fiow
of the South Pacific [Hautala and Riser, 1989].

A set of inverse calculations using density and tracer data
yields an anticyclonic circulation west of the East Pacific Rise
Crest at the depth of the South Pacific 5°He plume [Hautala and
Riser, 1993]. This result is the strongest evidence to date of a
hydrothermally driven abyssal circulation. Interestingly, no
cyclonic circulation is found below the anticyclone. Similarly,
the combination of hydrographic and tracer data with a primitive
equation model results in a deep anticyclonic gyre with no
cyclonic gyre below (L. Yuan et al., Deep Pacific Ocean circula-
tion inferred from the HELIOS Expedition data using a PE model,
submitted to the Journal of Physical Oceanography, 1997,
hereinafter referred to as Yuan et al., submitted manuscript,
1997). One possible reason for this absence could be an anticy-
clonic tendency induced by a hypsometric effect [Rhines and
MacCready, 1989]. This effect is due to the increase in cross-
sectional area of the ocean with decreasing depth, which results
in a decrease in upwelling velocity with decreasing depth,
forcing an anticyclonic tendency in the planetary geostrophic
balance below the rise crest. Another possible reason is bottom
mixing and geothermal heating along the western flank of the
rise, which would tend to drive a bottom-intensified equator-
ward flow there [Thompson and Johnson, 1996], working
against the formation of a deep cyclone.

Here conductivity-temperature-depth (CTD) data from two
zonal transpacific hydrographic sections and three meridional
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hydrographic sections are used to examine the water mass and
density structure at middepths in the tropical Pacific Ocean. The
two zonal sections run along the north and south 0-S anomalies,
and the three meridional sections cut across them. As discussed
in many of the studies reviewed above, anomalies from a
reference 0-S curve reveal warm salty water seemingly related
to the 6°He plumes, and the plumes appear to be associated with
stratification extrema, which suggest dynamical activity. The
distinguishing feature of this study is the uniform presentation
of N? and 6-S anomalies using a set of high-resolution hydro-
graphic sections that span the region inhabited by the plumes. In
addition, the consistency of the property distributions and
various dynamical frameworks for the middepth circulation are
discussed.

2. Data

The data used here are the CTD data from the Transport of
Equatorial Waters (TEW) transpacific section at nominal
latitude 15°S [Mangum et al., 1991], the Equatorial Pacific
Interocean Circulation (EPIC) transpacific section at nominal
latitude 10°N [Equatorial Pacific Interocean Circulation
Voyageurs, 1991], and the meridional World Ocean Circulation
Experiment (WOCE) sections P18 [McTaggart et al., 1996],
P17 [Tsuchiya and Talley, 1996], and P16 at nominal longitudes
110°, 135°, and 151°W (Figure 1). Stations on these cruises
were usually occupied to within 10 m of the bottom.

The signals at this depth are small and subject to aliasing by
eddies, internal waves, and other time-dependent phenomena.
However, the CTD data are stable and densely sampled. The
fields presented are smoothed heavily in the vertical and
horizontal. The 2-dbar values of 0, salinity (S), 6-S anomaly
(defined in section 3), and the square of buoyancy frequency, X/
are first averaged into 50-m depth bins starting from the bottom
up. These quantities are objectively mapped assuming a
Gaussian covariance with a horizontal correlation length of 150
km, a vertical correlation length of 125 m, and an error-to-signal
energy of 1/16. The derivative quantity N is noisier, so produc-
tion of reasonably smooth maps requires doubling the correla-
tion lengths and quadrupling the error-to-signal energy.

The 0-S anomalies are very small. In order to compare
features among the five sections the salinity at @ = 1.6°C (near
the peak 0-S anomaly, which is the primary region of interest)
is found for all the stations, then values for each section are
convolved with a five-point Hanning filter to obtain low-pass
filtered values. The filtered values are found at the six crossover
points (Figure 1), and a salinity offset is found for each section
to minimize the differences of these values at the crossover
points in a least squares sense (Table 1). These small adjust-
ments are ad hoc. However, they do reduce differences at
crossover points from as much as 0.0055 to <0.001 on the
unitless 1978 practical salinity scale (pss-78). The adjustments
are only applied to the 0-S anomalies since they are contoured
at 0.001 intervals.

3. The 0-S Anomaly Plumes

Above the western flank of the East Pacific Rise in the tropics
adeviation from a reference 0-S curve toward warm salty values
is often present, with a maximum near 0 = 1.6°C. This deviation
increases toward the rise crest and peaks about +10° from the
equator. This pattern has been mapped previously in the
horizontal by contouring 6 on potential isopycnals [Reid, 1982;
Hautala and Riser, 1993; Talley and Johnson, 1994]. To present
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Figure 1. Station locations for the hydrographic data used in this study with the 3000 m isobath [British
Oceanographic Data Centre, 1994]. Transport of Equatorial Waters (TEW) data [Mangum et al., 1991] are at
a nominal latitude of 15°S and Equatorial Pacific Interocean Circulation (EPIC) data [Equatorial Pacific
Interocean Circulation Voyageurs, 1991] at 10°N. World Ocean Circulation Experiment (WOCE) section P18
data [McTaggart et al., 1996] are at a nominal longitude of 110°W, WOCE section P17 data [Tsuchiya and
Talley, 1996] are at 135°W, and WOCE P16 data are at 151°W.

vertical sections of this structure, we calculate a 6-S anomaly as
a deviation from a reference.0-S curve constructed from a linear
fit to the 50-dbar average 0-S data along 110°, 135°, and 151°W
extending from 5°S to 5°N for 0 < 3°C (Figure 2). Using a
linear fit to the equatorial 0-S data is arbitrary, but the goal is to
keep the reference curve as simple as possible to reveal the
anomalies with a minimum of manipulation and allow discus-
sion of them in a global sense. The slope of this reference 6-S
curve is such that water that is 0.001 saline on an isotherm is
0.02°C warm on an isohaline. The same ratio holds for cold and
fresh 0-S anomalies. Here 0-S anomalies will be presented in
terms of salinity along isotherms. The 6-S anomalies calculated
on appropriately referenced potential isopycnal surfaces would
be similar in structure but reduced in magnitude by a factor of
2 from those calculated here. ‘

At 15°S a plume of high 8-S anomaly decays and deepens
westward from the East Pacific Rise Crest with a vertical
maximum of 0.012 near 2550 m at 113°W to east of the
Manihiki Plateau and a weaker vertical maximum near 2950 m
at 164°W (Plate 1). The plume fades to half its strength around
2500 km to the west of the rise crest. While this feature is most
germane to this discussion, a few other relevant features are
described. The 0-S anomaly is high at the western and eastern

Table 1. Values Added to 6-S Anomalies So Differences
Among the Deep 0-S Curves Are Minimized in a Least
Squares Sense at Crossover Points

Nominal Section Location ~ 0-S Anomaly Adjustment, pss-78

151°W -0.0015
135°W 0.0000
110°W 0.0015
10°N -0.0010
15°S -0.0030

Here 0-S is temperature-salinity; pss-78 is the unitless 1978
Practical Salinity Scale.

ends of the sections, owing to the spreading of Lower Circum-
polar Water from the south with a salty North Atlantic Deep
Water influence into the Coral Sea (west of about 167°E) and
the eastern deep basins (east of the rise crest at about 113°W).
Warm salty Lower Circumpolar Water (at around 170°W, 3800
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Figure 2. Reference temperature-salinity (6-S) curve calculated
from a linear fit to all the 6-S data from stations between 5°S
and 5°N from WOCE sections P16, P17, and P18 along
nominal longitudes 151°, 135°, and 110°W (dotted line). Also
plotted are B-S curves from P17 along 135°W at 11°S in the
southern warm salty plume (thick solid line), at 8°S in a weaker
part of the plume (intermediate solid line), and at 1.7°S in the
cold fresh jet (thin solid line). The curves are only shown below
2°C to focus on the plume signature, evident as deviations from
the reference curve between 1.3° and 1.8°C.
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m) is also advected northward in the deep western-boundary
current on its way toward the Samoa Passage. Just below this
feature is Lower Circumpolar Water with a fresh cold Antarctic
Bottom Water influence, also within the northward flowing deep
western-boundary current. The boundary current is large,
carrying about 12 x 10° m’ s of deep water that ventilates the
deep Pacific to the north [Taft et al., 1991; Johnson et al., 1994;
Roemmich et al., 1996]. Above 2000 m the water is fresh
because of the influence of Antarctic Intermediate Water from
the south.

At 10°N, even more clearly than in the 15°S section, a
middepth plume with a maximum exceeding 0.003 centered near
2600 m depth appears to originate from east of the East Pacific
Rise, get boosted a bit at the crest (103°W), and then decay
westward, almost like smoke from a chimney (Plate 2). The
plume at the core depth decays to half strength about 2800 m
from the rise crest, a distance very similar to that at 15°S. Other
features of interest include the remaining salty North Atlantic
Deep Water influence, which is seen near the bottom of the
Central Pacific Basin (around 180°) and the East Mariana Basin
(around 160°E). This influence is associated with Lower
Circumpolar Water flowing northward in deep western-bound-
ary currents in these two basins [Johnson and Toole, 1993].
Again, the fresh influence from above is due to the influence of
Antarctic Intermediate Water since the warmer salinity mini-
mum defining the North Pacific Intermediate Water does not
extend south of 16°N in the Pacific Ocean interior [Talley,
1993]. As in the 15°S section, there are higher salinities to the
east of the rise crest (around 103°W).

In the meridional sections (Plate 3) the maxima of the warm
salty 0-S anomaly plumes are on average centered at 10°S,
2800 m, and 8°N, 2700 m. As in the zonal sections, the southern
warm salty plume is over twice the strength of the northern one.
Also as in the zonal sections, the warm salty plumes decay in
strength to the west of the East Pacific Rise Crest. Estimates of
the zonal decay to half strength of the maxima are about 2700
km to the west of the rise crest in both hemispheres, around one
fifteenth of the way around the Earth. The meridional decay to
half strength averages 300 + 100 km, and the vertical decay to
half strength averages 0.4 + 0.1 km. Hence the zonal:meridional
aspect ratio of these plumes is about 9:1. The meridional:vertical
aspect ratio is about 750:1, so the zonal:vertical aspect ratio is
about 6750:1. Another feature of some interest in the upper part
of the meridional sections is the cold fresh influence of Antarctic
Intermediate Water, which strengthens to the south, and a
similar influence of North Pacific Intermediate Water, which
strengthens to the north. The upper part of the sections is
warmest and saltiest at around 2°—6°N, reflecting the fact that in
the intermediate waters, only a weak Antarctic influence
actually crosses the equator into the northern hemisphere while
North Pacific influence does not extend far south of the northern
subtropics.

Also of interest are some near-equatorial 0-S anomalies, one
of which is negative near 1.5°S, 2900 m, at all three longitudes
(Plate 3). This tongue is coldest and freshest at 151°W, decaying
eastward to 110°W. It can be seen on an isopycnal map made
somewhat above its core [ Talley and Johnson, 1994]. Since this
tongue actually deviates on the cold and fresh side of a linear
curve, it is not likely that vertical processes alone are causing
this minimum between the two positive plumes. It is much more
likely that the tongue is a result of advection of cold, fresh water
from the west near the equator. Direct velocity measurements
taken during the meridional WOCE sections support this
assertion (E. Firing et al., Equatorial subthermocline currents
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across the Pacific, submitted to the Journal of Geophysical
Research, 1996; hereinafter referred to as Firing et al., submitted
manuscript, 1996). In addition, direct velocity measurements
taken along 159°W from March 1982 to June 1983 show a
robust eastward jet centered at 1.5°S, 3100 m [Firing, 1989],
with an estimated transport of 6-7 x 10° m’ s™'. This eastward
advection of cold, fresh, low-8’He water may help to separate
the northern and southern plumes [Craig 1990a, b]. Higher up
in the water column, there is a warm salty tongue at 1.5°S, 2000
m that weakens from east to west, suggesting that a westward jet
near this depth may be carrying water in the opposite direction
of the cold fresh tongue that weakens from west to east about
900 m below. This tongue has not been previously described and
may be linked to the westward current centered about 1.5°S,
1800 m, which is visible but has not been described at 159°W
and in the WOCE velocity measurements [Firing, 1989; Firing
et al., submitted manuscript, 1996].

The 110°W section crosses the East Pacific Rise Crest near
7°S (Figure 1 and Plate 3). The water near 2800 m here is warm
and salty, with anomalies exceeding 0.006. Here the section
samples the southern warm salty plume to the north of its
maximum values, so it is weaker and farther north than the
southern plume in the meridional section at 135°W. The
northern 0-S anomaly maximum near 2700 m is broad and
exceeds 0.003 from nearly 2° to 10°N. The cold fresh tongue at
1.5°S, 2900 m is relatively weak compared to the meridional
sections to the west, whereas the warm salty tongue at 2°S, 2000
m is very strong. Also of interest, the deep water in the 110°W
section is relatively warm and salty in the Peru Basin, south of
16.5°S, reflecting a North Atlantic Deep Water influence
coming directly from the south, east of the rise crest. However,
in the Bauer Basin, between 16.5° and 7°S, water of 6 < 1.5°C
is relatively fresh, supporting results from previous studies
suggesting that it comes from the Central Pacific Basin over the
rise crest [Lonsdale, 1976). Higher in the water column, near
2800 m, a wedge of salty water from the south can be seen
intruding north of 16.5°S.

At 135°W the maximum of the southern warm salty plume is
located near 11.5°S, 2700 m exceeding 0.008 (Plate 3). It is
stronger and a few degrees farther south than at 110°W,
supporting the suggestion that the 110°W section crosses the
East Pacific Rise Crest too far north to sample the entire plume.
The northern warm salty plume, with a small maximum exceed-
ing 0.002 near 8°N, 2750 m, has weakened and narrowed. The
cold fresh tongue at 1.5°S, 2800 m, and the warm salty tongue
at 2°S, 2000 m, are both of intermediate strength compared to
the sections to the east and west.

By 151°W both the southern and northern warm salty plumes
have weakened considerably and moved equatorward by 1°-2°
latitude (Plate 3). The southern plume maximum exceeding
0.005 is located at 8.5°S, 2950 m, and the northern maximum
over 0.001 is located at 6°N, 2850 m. As in all the sections, the
southern plume is stronger than the northern. The cold fresh
tongue at 1.5°S, 2950 m, is strongest at 151°W, and the warm
salty tongue at 2°S, 2050 m, is weakest at 151°W. Their
monotonic zonal trends in the meridional sections support
advection to the east near 2900 m and advection to the west near
2000 m, as seen at 159°W [Firing, 1989].

4. Buoyancy Frequency Plumes

The buoyancy frequency squared, N> = —g/p dp/dz, is
proportional to the strength of the vertical density stratification,
where p is the potential density referenced to the central
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pressure of the range over which the vertical gradient is esti-
mated and g is the gravitational acceleration. If relative vorticity
is much smaller than the local Coriolis parameter, f= 2Qsin¢,
the vertical component of potential vorticity can be approxi-
mated by O = f/gN*. Here Q is the rotation rate of the Earth, and
¢ is the latitude. This approximation is probably reasonable in
the deep interior ocean except within a few degrees of the
equator. This dynamical tracer, Q, is conserved along stream-
lines in nondiffusive, geostrophic flow. Vertical sections of N 2
complement the 0-S anomaly sections, adding dynamical insight
because of their relation to density and potential vorticity. In the
oceans, N decreases markedly below the pycnocline, falling to
very low values in the deep and bottom waters. Below 2500 m
in the interior of the tropical Pacific Ocean, values tend to fall
between 0.6 x 107° s and 0.8 x 107 s™%. The exceptions from
these background values are described below. As before, the
zonal sections are described first, followed by the meridional
sections from east to west.

At 15°S (Plate 1), unlike at 10°N (Plate 2), there is no
obvious plume signature in N? west of the East Pacific Rise
Crest. However, there are several interesting departures from
background N* values below 2500 m along 15°S worthy of
description. First, there is a large area of reduced N? east of the
rise crest at 1 12°W in the deep Bauer and Peru Basins. This low
stratification could be due to a combination of at least three
factors: diffusion near the bottom boundary, geothermal
conductive heating at the bottom, and the basins being filled
with nearly homogeneous water by a dense overflow at a
shallow sill or sills in the ridges that define them. It will be
suggested in section 5 that this water may supply at least some
part of the N? plume minima discussed in the remaining
sections. Second, in the bottom several hundred meters the
stratification decreases drastically towards the bottom. Along
gentle slopes such as the western flank of the rise (160°—
112°W), the isotherms also slope down toward the topography,
suggesting a bottom-intensified, equatorward flow in the region.
These phenomena have been modeled as the combined effects
of diffusion and geothermal heating at the bottom boundary
[Thompson and Johnson, 1996]. Third, there is a local vertical
maximum in stratification at the western edge of the Central
Pacific Basin that reaches 3650 m against the Tonga Ridge
(175°W) and falls to near 4300 m by the Manihiki Plateau
(165°W). This structure is located at the top of the warm salty
modified North Atlantic Deep Water, part of the northward
flowing deep western-boundary current [Johnson et al., 1994].

The 10°N section sports a plume of low N? extending
westward from the East Pacific Rise Crest near 103°W, 2500 m,
to nearly 150°W and a region of elevated N* just below it at
about 3000 m (Plate 2). The N? minimum and maximum below
are associated with the warm salty plume centered at 8°N,
2700 m. Such an N? doublet is weak or nonexistent in the 15°S
section, probably because it is too far south to cut through a
weaker but analogous structure in the southern hemisphere. Also
of interest is the large area of low stratification in the deep
Guatemala Basin east of the rise crest at 103°W. The warm,
salty, reduced stratification plume water west of the rise crest
may have at least a partial source in the Guatemala Basin.
Again, there is reduced stratification some distance above the
rise flank with isotherms plunging toward the bottom. However,
the stratification is no longer high where the two branches of the
deep western-boundary current bank against the Caroline
(150°E) and Marshall (175°E) Islands [Johnson and Toole,
1993], probably because the potential vorticity in that current is
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reset to near zero by frictional processes where it crosses the
equator.

In the 110°W section there is a strong plume of low stratifica-
tion near 2750 m, extending north (and west) of the rise crest at
6.5°S (Plate 3). Just below and to the northwest of this minimum
is a relative maximum. From 2° to 9°N a similar N* doublet
exists, with a minimum near 2650 m and a maximum near 3150
m. Both north and south of the equator, the N? minimum is
associated with the warm salty plume, and the N* maximum lies
several hundred meters below it. This section again shows low
stratification in the basins east of the East Pacific Rise Crest
(20°-7°S) and within several hundred meters of the bottom over
gentle slope. In addition, there is smaller vertical wavelength
structure apparent in N> within a few degrees of the equator,
with three minima and two maxima below 2500 m.

At 135°W, west of the East Pacific Rise Crest in both
hemispheres, the N? doublet south of the equator is weaker than
that north of the equator (Plate 3). In the south the minimum is
strongest near 2650 m between 7° and 13°S while the maxi-
mum, around 3050 m, is offset equatorward from the minimum
at 3°-10°S. These structures are broad, with no localized
maximum in the horizontal. In the north the minimum is
centered at 2600 m from 2° to 9°N, and the maximum lies below
it near 3050 m. The northern extrema are clearly strongest near
3.5°N. On both sides of the equator the doublets are weaker
compared to those to the east and stronger than those to the
west. Again, smaller vertical wavelength structure is evident
near the equator.

By 151°W the southern hemisphere signal is weak or
nonexistent (Plate 3), with a hint of a minimum from 9° to 13°S
at 2950 m and a very weak maximum centered at 10.5°S,
3450 m. The northern hemisphere doublet is clearer, with a
minimum near 2650 m, and a maximum near 3150 m. Both
extrema extend from 2° to 6°N, and are most extreme near 3°N.
The smaller vertical wavelength structure near the equator
persists in the same pattern as at 110° and 135°W.

These paired vertical extrema in both hemispheres, strongest
near the East Pacific Rise Crest and decaying to the west,
suggest that stacked gyres of opposite sign circulation may exist
in the region on both sides of the equator. The top minima in N?
near 2700 m on either side of the equator are consistent with an
anticyclonic circulation (clockwise in the northern hemisphere).
The bottom maxima are consistent with a cyclonic circulation,
as predicted by the B plume theory [Stommel, 1982]. These deep
N? maxima are the first observational suggestions of the
existence of these gyres, searched for but not found in the
sparser grid of the Helios expedition hydrographic data [Hautala
and Riser, 1993; Yuan et al., submitted manuscript, 1997].

What are the relative strengths of these gyres? The thermal

wind equation, f0u/0z = g/p dp/dy, can be differentiated once in
the vertical then combined with the definition of buoyancy
frequency squared, N* = —g/p 9p/dz, to obtain the equation
f0’u/dz’ =—-ON?*/dy. Define the gyre center as y,, one gyre edge
as y,, and the distance between them as L. The N structure (see
Plate 3) between y, and y, can be idealized as the product of a
sinusoidal mean vertical structure with a vertical wavenumber
A and a horizontal structure that increases linearly from 0 at y,
to an amplitude 4 at y,, so that between y, and y,, IN*/dy = 4
sinAz / L. Substituting the latter expression into the former, then
integrating once in the meridional from y, to y, and three times
in depth over half a wavelength, gives an expression for the
zonal mass transport in each limb of these gyres, M = 24/fA°.

For the northern gyres, 4= 5 x 10°s? and A = /500 m seem



24,958

appropriate (Plate 3). Hence the equatorward limbs, between 1°
and 3.5°N, have a strength of around 7 x 10° m® s™', with peak
velocities near 0.08 m s™'. The poleward limbs, between 3.5°
and 11.5°N, have a strength closer to 2 x 10° m® s™ with peak
velocities near 0.008 m s™'. The southern signals are weaker and
not coincident in latitude, but 4 =3 x 10 s and A = /500 m
seem appropriate (Plate 3). The equatorward limbs, between
roughly 4° and 8°S, carry about 2 x 10° m’ s with peak
velocities near 0.01 m s™'. The poleward limbs, between roughly
8° and 13°S, carry about 1 x 10° m’ s™" with peak velocities near
0.005 m s™'. The discrepancies in velocity and mass transport
between the two limbs of the gyres in each hemisphere result
from the rapid fractional change in Coriolis parameter with
increasing distance from the equator at low latitudes. The
circulation implies net westward transports of 5 x 10°m’ s™ and
1 x 10° m® s™" in the northern and southern anticyclonic gyres,
respectively. A similar asymmetry is implied for the cyclonic
gyres, with net eastward transports. To close the circulation, net
eastward transports in the lower gyres and net westward
transports in the upper gyres imply a conversion of cold water
to warm water at or east of the East Pacific Rise Crest. The
ramifications of these conversions are discussed in detail below.

5. Discussion

Three dynamical frameworks are advanced in attempts to
account for some of the patterns seen in the data. These models
are presented from simplest to most involved and feature
upwelling concentrated in the basins to the west of the East
Pacific Rise Crest, in the basins to the east of the crest, and at
the crest, respectively. Although none of the models explain all
of the observations, their order of presentation also reflects
increasing agreement with observational patterns.

The simplest dynamical framework is a two-layer elaboration
of the classical one-layer dynamical framework for the deep
circulation [Stommel and Arons, 1960]. In the one-layer
framework, interior upwelling at the top of a deep layer drives
an eastward and poleward interior flow through planetary
geostrophy and a no-flux boundary condition at the eastern
edge, separating the eastern and western basins for simplicity.
Water to supply this interior upwelling comes east from deep
western-boundary currents fed by localized sinking at high
latitudes and recirculation of interior flow. This one-layer model
is obviously at odds with the plumes of warm, salty, weakly
stratified water originating at or east of the East Pacific Rise
Crest and extending to the west on either side of the equator.
However, if the interior upwelling were to increase in magnitude
to the top of a bottom layer and then decrease to the top of a
deep layer, the bottom layer would look like the one-layer case,
but the deep layer would be reversed in direction and have a
westward and equatorward interior flow and a deep western-
boundary current carrying water back toward the high latitudes
(Figures 3a and 3b). In each layer the interior flow is matched to
a deep western-boundary current. This circulation scheme is in
accord with observational evidence from geostrophic calcula-
tions using hydrographic section data, which suggest northward
bottom flow offset by southward deep flow in the central basins
of the South Pacific [Warren, 1973; Wunsch et al., 1983; Reid,
1986] and the North Pacific [Roemmich and McCallister, 1989;
Bryden et al., 1991; Johnson and Toole, 1993]. If the level of
the maximum upwelling were directly below the warm, salty,
weakly stratified water, it would be carried westward by the
interior flow, creating a plume as observed. However, this
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simple framework treats the ocean as two separate basins with
similar but separate circulations. It does not account for the high
stratification below the warm, salty, weakly stratified layer; the
apparent vertically stacked gyres implied by the density field;
nor for the apparent conversion of cold water into warm water
at or east of the rise crest.

A second, more complicated model supposes that sources of
bottom water feed upwelling in the deep basins east of the East
Pacific Rise Crest (Figures 3¢ and 3d). The source could be a
deep western-boundary current from the south [Warren, 1973]
or a deep jet from the west [Firing, 1989] feeding through a
fracture zone in the rise crest, as suggested by previous results
[Lonsdale, 1976], and in section 3 by the cold fresh 0-S anomaly
below 6 = 1.6°C along 103°W in the Bauer Basin (Plate 3). In
the schematic both sources contribute equally to the upwelling:
alower-layer deep western-boundary current flowing northward
in the eastern basin, and a strong eastward flow in the equatorial
limb of the cyclonic circulation in the lower layer of the western
basin, some of which crosses through a gap in the rise crest.
Whatever the distribution of sources, this water fills these basins
over sills, creating a nearly homogenous water mass that is
further mixed and heated by diffusive and geothermal processes
[Lonsdale, 1976; Joyce et al., 1986; Thompson and Johnson,
1996]. As this water becomes lighter under these influences, it
upwells to ride above the more recently arrived bottom inflow
and eventually ascends to a depth where it breaks the topo-
graphic constraint imposed by the rise crest and flows westward
along geostrophic characteristics into the Central Pacific Basin,
strengthening the equatorial limb of the western basin anticy-
clone in the upper layer. These warm, salty, less-stratified
overflows sliding into the water column of the Central Pacific
Basin constitute a local N> minima and could increase the
stratification above and below, strengthening the deep local N
maxima. However, the maximum 0-S anomaly above the rise
crest is associated with the elevated 5’He values outlined in the
introduction. Hence, in this scenario, water from the eastern
basins must gain at least some of these properties as they pass
over the rise crest, but they would be passive tracers only.

The third, most complicated model is the B plume [Stommel,
1982]. In this model, geothermal plumes at the East Pacific Rise
Crest effect a mass transfer from the depth of the crest to a
plume equilibrium height a few hundred meters shallower
(Figures 3e and 3f). This mass transfer drives an anticyclonic
gyre at the plume equilibrium height over a cyclonic gyre at rise
crest depth. The cold water from the strong eastward flow in the
equatorward limb of the lower-layer cyclonic circulation is
converted to strengthen the westward flow in the equatorial limb
of the upper-layer anticyclonic circulation. The gyres are
consistent with the observed stratification extrema. The anticy-
clonic gyres are revealed by the shallower stratification minima,
where fluid is added by the plumes, and the cyclonic gyres are
revealed by the deeper stratification maxima, where fluid is
withdrawn. The observations here of the deeper stratification
maxima, especially strong in the northern hemisphere, are the
first evidence of the cyclonic gyres predicted by this theory. The
conversion from colder to warmer water is also accounted for by
the plume entrainment process. One possible discrepancy is that
the 0-S plumes in the meridional sections show maximum
values poleward of the westward limbs of the upper gyres
(which are on the equatorward side of the stratification minima),
not along the westward limbs as predicted by the § plume model
[Stommel, 1982].

Both the N* minima and the warm salty 6-S plumes are
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(b)
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Figure 3. Schematic two-layered southern hemisphere circulations for the three different upwelling scenarios
with two basins separated by the East Pacific Rise. Figures 3a, 3¢, and 3e are side views of the net circulation,
and Figures 3b, 3d, and 3f are plan views of the upper layer (plume-level) circulation with the rise crest and
flanks shaded dark and light, respectively, in plan view. Open arrows show flow in the upper layer, shaded
arrows show flow in the lower layer, and curly arrows show upwelling from the lower layer to the upper layer.
Figures 3a and 3b show the circulation resulting from a middepth maximum in upwelling evenly distributed on
both sides of the rise. Figures 3¢ and 3d show the circulation resulting from upwelling limited to the east of the
rise. Figures 3e and 3f show the circulation resulting from upwelling at the rise crest. The eastern basin does not

play a role in this last scenario.

located around 2700 m and deepen to the west, whereas the
&°He plumes described in the literature are centered near 2500 m
[Lupton and Craig, 1981; Ostlund et al., 1987, Craig, 1990a, b,
1991; Jenkins, 1992; Lupton, 1995; 1996]. If the low-stratifica-
tion, warm salty water simply slides westward over the East
Pacific Rise Crest from the eastern basins and sweeps along
vented fluid on the way, then the 200 m depth difference is not
particularly problematic. In fact, one might reasonably expect
the vented 8’He to rise through the N* minima until it is stopped
by the stronger stratification above, making for a natural vertical

displacement of these features. However, if the 0-S anomalies,
N? minima, and 6°’He maxima all originate from the venting,
why are their depths different? One possible answer lies in the
vertical profiles of the background distributions and the effects
of vertical mixing. The source of the 8*He maximum is the vent
plumes, which reach an equilibrium height near 2500 m. The
background distribution of *He is minimal, so the property has
a roughly Gaussian shape centered around 2500 m in the
vertical, probably a result of the effects of vertical mixing.
Plotting 6 and S against depth reveals that the 0-S anomalies are
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associated with reduced vertical gradients in 8, S, and (of
course, since N is a minimum) p centered niear 2700 m, tending
deeper to the west. The deep background gradients of 6, S, and
p are all low near the bottom and increase upward in a roughly
exponential manner. This background distribution tends to
increase curvature of these properties at the top of the plume
regions and reduce curvature at the base of these regions. Hence
vertical mixing can more effectively erode the top of the reduced
gradients than the base, causing the signatures to deepen with
time (hence distance) from the source.

One sighificant result of this analysis that is unexplained by
any of these frameworks is that the southern hemisphere 6-S
anomaly (the passive tracer) is stronger, but the northern
hemisphere N extrema (the dynamically active tracer) are
stronger. The relative strength of the southern hemisphere 0-§
anomaly could be due to its relative proximity to the warm salty
modified North Atlantic Deep Water in the eastern basins, which
spreads from the south [Reid, 1986; Talley and Johnson, 1994].
The relative strength of the northern N? extrema might come
from the fact that the East Pacific Rise in the northern hemi-
sphere is isolated from the southern sources of deep water,
which must cross the equator at a western boundary because of
the strong potential vorticity constraint [Stommel and Arons,
1960; Kawase, 1987]. The resulting quieter background
stratification in the northern hemisphere would allow the gyres
obeying the second or third frameworks to establish more
strongly there. In addition, currents around the nearby Tuamotu
Ridge in the southern hemisphere may also make the deep
circulation there more complex, working to prevent the estab-
lishment of a simple gyre signature associated with the stratifica-
tion.

Finally, in both gyres the equatorward limbs transport more
water than the poleward limbs, which means that cold water is
brought in from the west in the deeper cyclonic gyres and
warmer water is returned to the west in the shallower cyclonic
gyres. While a precise calculation of the magnitude of the effect
is difficult, estimates are of order 1-5 x 10° m® s™'. The deeper
flow from the west could also be supplied by the eastward jet
carrying 6 x 10° m® s™' between 3°S and 1°N at a depth near
3100 m, observed directly at 159°W [Firing, 1989], consonant
with the cold fresh tongue seen in all three meridional sections
near 1°-2°S; 2900 m. An eastward flow at this depth was
posited to supply bottom water from the Central Pacific Basin
to the Guatemala and Bauer Basins through a gap in the East
Pacific Rise Crest at 3°S [Lonsdale, 1976]. The depth and
temperature differences between the stratification extrema are
about 500 m and 0.2°C, which for an upwelling of 3 x 10°m®s™
in each hemisphere implies a heating of 2.4 x 10'> W. Convec-
tive heating along the rise crests [Lupton, 1995] is about a third
of the magnitude implied here. Additional sources for the
implied conversion might be conductive heating through the
floors of the eastern basins [Lonsdale, 1976] or, simply,
downward diffusion of heat by topographically induced mixing
in the region.
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